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Prediction of Falling Solids Film Thickness near the Wall
in Circulating Fluidized Bed Risers

V.V.Basava Rao*, T.Bala Narsaiaha and B.V. Reddyb

Abstract—The solid particles distribution in circulating
fluidized beds (CFB) has been extensively studied because of its
importance in the design of CFB boilers and reactors. The
previous studies report that in the circulating fluidized beds, the
solids near the wall move down ward as a film with axial variable
thickness. Therefore, it is very important to predict solids film
thickness near the wall to estimate the heat transfer between a
solid suspension in the bed and wall surface. In the present paper,
an expression for the local solids film thickness has been
suggested from the data of local solids flux measurements by
using U-tube probe. The data measured in two laboratory scale
CFB units which consist of 0.0508m diameter & 3 m height and
0.1016m diameter & 6m height. Sand (182 pm and 2560 kg//m3)
and FCC particles (99 pm and 1600 kg/ m3) are used as bed
material. The operating gas velocity and solid circulation rates
are in the range of 1-6m/s and 5-125kg/m2-s respectively for the
material considered. The R2 values for the correlation developed
are 0.577 for literature data, 0.3904 for small column (0.0508m
ID & 4m Height) and 0.886 for large column (0.1016m ID & 6m
height).

Index Terms—Circulating Fluidized Bed, Dilute Core, Dense
Annulus, Down Flowing Solids Clusters, Flow Structure, Film
Thickness, Cross-sectional Average Voidage, Gas velocity &
Solids Circulating Rate.

I. INTRODUCTION

Circulating fluidized beds (CFBs) have been employed
commercially in numerous gas—solid contacting processes
such as combustors, coal gasifiers and catalytic reactors.
Therefore, the gas-solid flow structure in the CFBs has got
important role in understanding and design of these processes.
The flow structure strongly depends on operating conditions
such as gas velocity & solid circulation rate and bed geometry.
Also it is possible to control the solid circulation rate in the
circulating fluidized bed, therefore high concentration within
the bed may result by promoting turbulent regime into the
fast-fluidized bed regime. The solid in the fast-fluidized bed
may typically occupy up to 20% of the bed volume and is in a
state of extreme turbulence marked by refluxing of dense
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clusters. The flow structure for fast fluidization is summarized
in Figure 1.
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Figure 1: Flow structure of CFB (Core — Annulus)

Under S-shaped axial voidage profile conditions typical of
fast fluidization, the core-annulus flow persists over the whole
length of the riser with a solids film near the wall in which
solids are continuously flow downward [1]. In the film, near
the wall, the solids concentration may be quite high so that the
instantaneous voidage can be equal to voidage at the minimum
fluidization condition of the bed [2] and the flow structure in
the film is not uniform in radial direction [3]. Such solid down
flow has been observed by measuring the radial distribution
[4], the radial distribution of solids flux [5] and the radial
solids momentum distribution [6]. Further, the solid flow
downward near the wall in the form clusters and flow up ward
in the core as dilute suspension. Also, Berruti & Kalogerakis
[7], Senior & Brereton [8], Harris & Davidson [9] assumed in
their models a Core/annulus two-region structure in which
solids flow in the riser consists of a dilute up-flowing
suspension in the central core region, surrounded by dense
wall where solids fall downward as clusters. The solids film
thickness near the wall depends again on operating conditions
and bed geometry of the CFB. This solid film plays a
significant effect on heat and mass transfer predictions. In this
article, an attempt has been made to characterize the flow
structure in the film and model for estimating the film
thickness.

In initial stages of the CFB investigations, the mean bed
void fraction was described as a function of the gas velocity
and solid rate in the fluidization regime diagram. This mean
bed void fraction was obtained by averaging over the entire
volume of the CFB riser column, assuming no variation along
the bed height. This school of thought considered that the
clusters were distributed uniformly over the bed volume.
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Bolton & Davidson [10] and Rhodes et al [11] investigated the
bed structure near the wall in the upper part of the laboratory
scale CFB riser. They reported that the wall layer increases
exponentially with distance from the top of the riser. This
suggests that the wall layer grows in its thickness as it moves
down. The observed thickness of the wall layer varied from
several millimeters to several centimeters. Further, the
voidage of this layer was experimentally estimated to be in the
range 0.7-0.8. The fibre optic probe study of the CFB structure
by Horio et al [12] confirms this, as well as the existence of
clusters in the lean core with their size in the range of few
millimeters, which remained constant throughout the column
height. Briel et al [13], Rhodes [5], Miller & Gidaspow [14]
and Zhang [15] investigated the influence of the suction
velocity of the sampling probe and found that a non-isokinetic
sampling fibre probe can be employed in CFB risers to
measure the net solid flux and from that solid down flow film
thickness near the wall can be measured. Bi et al [16] reported
that wall layer thickness based on solids flux measurements
tend to be larger and are more meaningful than those based on
local particle velocity measurements. Therefore, in this article
solids flux measurements have been carried out by using a
U-tube non-isokinetic sampling probe.
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Literature Correlations on Solids Film Thickness near
the Wall:
Considerable numbers of correlations have been reported in
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the literature for calculating solids film thickness near the wall.
They are presented in Table 1. Parity plot with measuring data
published in literature (Table 2) is shown in Figure 2.

TABLE II: SOURCES OF DATA PLOTTED IN FIGURES 2 & 3

Author(s) Rise Operating Solids Measuri
Name r conditions Particles ng
dia Ug Gs dp ps Techniq
met [m/s | [kg/ | [pm | [kg/m® ue
er 1 m’s] ] 1
[m]
Gadjos & 0.07 | 3.2 130 50 1600 Samplin
Bierl [23] 6 g Probe
Bader et al. 030 | 4.6 147 76 1710 Samplin
[24] 5 g Probe
Hartge et al. 0.4 29-130- | 85 & | 1500 Samplin
[25] 3.7 29 120 & g Probe
2600
Rhodes [5] 0.15 | 2.8 42 64 1800 Samplin
2 g Probe
Herbetal.[l1] | 0.15 | 2.4 20.5 | 88 1700 Samplin
g Probe
Miller & 0.07 | 26— | 12- |75 1654 Samplin
Gidaspow 5 35 33 g Probe
[11]
Rhodes & 0.15 | 2.8— 1 30 75 2460 Samplin
Laussman 2 4.0 g Probe
[26]
Bai et al[3] 0.06 | 2.0- | 20—~ | 519 | 1623 Moment
6 3.0 88 um
Probe
Zhou [27] 0.15 | 55 40 213 2640 Samplin
* g Probe
Zhang et 1.57 | 6.3 20- | 330 2600 Samplin
al[9] * 54 g Probe
Issangya et 0.07 | 7.8 126 67 1600 Moment
al. [28] 6 um
Probe
Wei et al. 0.18 | 2.4- | 46— 54 1398 Samplin
[20] 6 5.75 | 185 g Probe
Van der 0.14 | 13 2.8 55 1500 Samplin
Meer [29] g Probe
Issangya 0.07 | 4.5- 38- 67 1600 Moment
[30] 6 7.5 250 um
Probes
Rhodes etal. | 0.09 | 4.0 150 100 2650 Moment
[31] um
Probe
Zhang,etal. | 0.10 | 2.6- 17- 172 1647 Samplin
[32] 2 4.4 35 g Probe
Karri & 020 | 5.8 49- 175 2643 Samplin
Knowlton 195 g Probe
[33]
Karri & 0.30 | 49 586 67 1714 Samplin
Knowlton g Probe
[34]
Liu [35] 0.07 | 6.0- | 200- | 67 1600 Optical
6 8.0 455 Probe
Malcusetal. | 0.14 | 4.7 148 89 1740 Samplin
[36] g Probe
Karri & 020 | 3.7 50 67 1200 Samplin
Knowlton g Probe
[37]
Kim et al 0.20 | 5.0- 22- 70 1700 Moment
[22] 3 8.0 345 um
Probe

*Square Cross-Section Risers

Figure 2 shows that all correlations presented in table 2 for
the published data (table 1) are no way fitting accurately.
Patience & Chaouki’s [17] correlation fails to predict the
variation of solids down flow film thickness with axial
position in the riser. Werther’s [18] correlation accounts for
axial variation of the film thickness, but it does not include the
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effect of solids circulation rate and cannot predict the increase
of film thickness with elevation in the risers with strong exit
restriction.

Harrieset al [21]
Wei et al [20]
Bietal[16]

Baiet al[3]

Zhang et al[19]
Werther [ 18]
Patience & Chaouki

7]
Diagonal line

0.2
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Figure 2: Comparison of published correlations with literature data

Further, Bi et al [16] developed a correlation based on
available solids flux measurements from literature. It predicts
the solids film thickness to riser diameter ratio as a function of
only overall voidage and accounts for the effects of solids flux
and axial position on the film thickness. But it fails to predict
thickness when € < 0.80 and most of the risers the average
solids holdup at axial positions will be more than 25%.

0.3

* Harrris et al [21]
A Bietal[16]
e Kimetal [22]
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Figure 3: Comparison recently published correlations with measured data

Harris et al [21] also calculated maximum relative error for
published experimental results by using these correlations and
found them to be between 150% -275%. Further, they
concluded that the solid down flow film thickness does depend
on local flow structure of the riser and operating conditions.
Recently, Kim et al [22] have observed that the thickness of
solids down flow film reaches maximum with increasing
height and it disappears locally with increasing solids mass
flux at a constant gas velocity. Figure 3 shows the variation of
predicted values with published thickness values. It can be felt
that the variation is still much and better correlation is to be
required to predict solids down flow film thickness. It is also
felt that the gas-solid flow structure near the wall is more
affected by clustering flow and those parameters are to be
included in the correlation. Therefore, the present article is
aimed to incorporate the cluster properties in the correlation.

II. EXPERIMENTAL ASPECTS

A Schematic diagram of the experimental set-up is shown in
Figure 4. Two similar set-ups are used for the experimental
work. One consists of 0.0508m ID and having a height of 3m.
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Another is 0.1016 m ID and 6m height. Both the set-ups are
made up of Transparent Perspex to make naked eye
observations. They are assembled with a solid collecting
system which consists of Cyclone separator & Bag filter. Air at
a controlled rate is allowed to enter through the bottom of solid
transport section, so as to maintain the solid in a state of
fluidization. The aerated solids are easily fed into the riser
column through a solids transport line. A butterfly valve is
arranged in the transport column to measure the solids
circulation rates at various gas velocities.

A: Compressor

B: Globe Valve

C: Flow Control V|

D: Orifice Meter

E: Distributor

F: Riser

G: Cyclone Separa|

H: Downer

I: Solid Measuring

Valve

J: L-Valve

K: Bag Filter
—I-T07 Pressure 1ap:

hlve

B ERELRLLY

<+ A

Figure 4: Schematic Diagram of Experimental Set-up

While determining the radial flux profile, a sampling probe
(U-bend type) of 4mm internal diameter has been used. This
probe is similar to the one employed by Yan et al [38]. The
U-tube probe used in experiments is shown in Figure 5.

20 erers el e

Figure 5: Schematic diagram of the U-tube probe used for collecting samples

Samples were collected at eight radial distances in the case
of 0.0508m ID riser column and 13 radial locations in the
0.1016m ID riser column. Probes are used at riser heights of
0.8, 1.52 and 2.1m (measured from distributor) in 0.0508m ID
column. The corresponding heights in 0.1016m ID column are
being 1.2, 1.85 and 3.2m. Several readings have been taken at
different radial and axial positions of the riser column so as to
find the solids flux variations.

At chosen radial position, the upward and downward
samples are collected by pointing the U-bend probe down
stream and up stream respectively. The iso-kinetic samples
were collected at fixed suction rates. Further, during the
operation, a tendency towards plugging has been observed,
particularly at low gas velocities and small suction flow rates.
To avoid this difficulty, higher gas suction flow rates are
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maintained. Some difficulties were experienced in collecting
samples at the wall of the riser column because of downfall of
solids (which chokes the tip of the probe). To compensate the
experimental errors, the readings were repeated at least three to
four times at different conditions and average values are
considered.

III. RESULTS AND DISCUSSION

Figure 6 shows that as axial height increases, the radial
solids flux is go on decreasing at the constant gas velocity and
solid circulation rate. This is evident to have less entrained
solids at the top of the column. However, nearing to the top
exit the solid concentration increases and also it is expected
that the solid down flow layer near the wall increase.
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Figure 6: Effect of axial height on radial solids flux profile
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(b)

Further, at a particular axial position and fixed solid
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circulation rate the radial solids flux profile variations with gas
velocity is shown in figure 7 and it can be observed that the
radial solids flux increases with increasing gas velocity.

The effect of solids circulation rate on radial solids flux
profiles is also shown in figure 8. When the solid circulation
rate increases the radial solids flux also increased with more
solids flowing down near the wall. It means that the solid down
flow film thickness can increase with solids circulation rate.

150

a
o
<]

a
o
L

—e— Gs = 14 kg/m2S
—s— Gs = 30 kg/m2S
—— Gs = 60 kg/m2S

o

=
10

Net Solids Flux (kg/m2's)

a
o
L

-100

radial distance from the wall (mm)

(a) D=0.0508m, H=3m, d,=99um, p,=1600 kg/m’, z=1.5m and U= 2.5 m/s
!l g

140
120 +
100 o

% 20 30 40 50

radial distance from the wall (mm)

—— Gs=48.8 kg.m2.s
—sa— Gs=74.7 kg/m2s

Net Solids Flux (kg/m2.s)

(b) D=0.1016, H=6m, d,=182um, p;=2550 kg/m’, z=1.12m and U= 4.7 m/s
Figure 8: Effect of solids circulation rate on radial solids flux profile

Thus, the down flow solids film thickness depends not only
on all the operating conditions but also on local position in the
riser near the wall. Further, it is visually observed that the
solids film near the wall is very much influenced by turbulence
with formation & deformation of clusters and film thickness is
time dependent. Therefore, it is felt that the -cluster
characteristics only decide the thickness of solids down flow
near the wall in the CFB riser.

A. Downward Film Flow Structure:

Analysis of the microstructure of the gas-solid suspension
has identified collections of solid particles grouped together in
the form of “cluster(s)”. Many of the investigators observed
these clusters mostly in the vicinity of the riser wall but also
identified in the riser core. The formation of particle clusters in
the riser near the wall makes the flow very complex. Clusters
at the wall of a riser have been observed to from, descend,
break-up, travel laterally from the annulus to the core and then
be re-entrained in the upward flowing core [Horio et al, [39].
In this manner, they contribute to the internal solids mixing
process within a riser. Typical downward velocities in the
vicinity of the wall in the riser lie in the range 0.5 — 2 m/s.
Radial and axial variations have been observed in cluster size,
shape, voidage (solid concentration) and velocity. Soong et al
[40] proposed a definition based upon the experimental
technique that the solid volume fraction in a cluster must be
significantly greater (three times the standard deviation) than
the time averaged solid fraction at that local position.

Harris et al [41] have characterized the cluster properties
and proposed the following equations;
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B. Cluster Voidage:

0.58¢ !4
T 0013l @
C. Cluster Size:
£
d, = : @)
40.8-94.5¢,
D. Cluster Descending Velocity:
U., =075 [2gd 3)
P

Therefore, we strongly believe that the down flow solids film
thickness depends on these parameters. So, the dimensionless
down flow solids film thickness is a function as shown below;

o
52 f(Ucl’dcl’gcl & Uslip) (4)
By applying dimensionless analysis, the following equation
has been developed.

5 U

ny
N —< (Frdcl )n2 (801 )n3

= )
U slip

D

E. Estimation of Solids Down Flow Film Thickness:

The measured upward and downward solids flux at various
radial positions are shown in Figure 9, The down ward solids
mass flux is more near the wall and it decreases with radial
position in the riser. It can be seen in Figure 9 that the down
flow solids flux approaches zero as radial position reaches to
centre of the riser. Where as the upward solids mass flux
increases with radial position and reaches to maximum at the
center. But at one radial position the upward and downward
solids mass fluxes intersects. That radial position is termed as
solids down flow film thickness, where the net solids mass flux
is zero. In figure 9, the solids down flow film thickness can be
estimated as 0.125 mm.

F. Correlation for Solids Down Flow Film Thickness:

The data, in the similar manner, were estimated at various
solids circulation rate and gas velocities for different axial
heights in both the 0.0508ID and 0.1016ID columns. From
these data, the following correlation was developed by using
non-linear regression analysis;

0.3142
9 0.0625+0.025| Lo (Fr, )" (g,)""" ()
slip

Figure 10 shows the comparison between predicted and
measured values of the thickness of solids down flow film near
the wall in the riser of circulating fluidized bed. It can be seen
that the correlation fits with good agreement with 15% error.
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IV. CONCLUSIONS

The flow structure in the down flow solids film is strongly
influenced by clustering phenomena and cluster properties (i.e.
size, voidage, descent velocity etc.). Therefore, the film
thickness depends on cluster size, cluster voidage, cluster
descent velocity at operating conditions. To estimate this film
thickness, a new correlation has been developed based on
cluster properties by using dimensionless analysis.

Further, the U-tube probe has been used to study the radial
solids flux variations in 0.0508m ID and 0.1016m ID risers at
various heights in the experiments. Form these radial solid flux
variations, the film thickness near the wall in the both risers
has been estimated. The measured data along with published
data have been used to correlate the equation by non-liner
regression analysis. The predicted correlation fits well within
15% error. This correlation shows better agreement with all the
data shown in Table 2.

NOMENCLATURE

dp : Sauter mean particle diameter, pm
D : Riser diameter or hydraulic diameter, m
Frp : Froude number based on riser diameter (Ug/(gD)O‘5
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Fry, : Froude number based on particle diameter (Ug/(gdp)o'5
Fry. : Froude number based on cluster diameter (Ug/(gdcl)o‘5
g : Acceleration due to gravity, m/s”

Gq: Solid circulation rate, kg/mzs

H : Riser height, m

Rep : Reynold’s number (D py Uy / 1, )

Ucl
Ug

: Cluster velocity, m/s
: Superficial gas velocity, m/s

Uyip © Slip velocity, m/s
V" :Dimensionless slip velocity

2 1/3
P v,
gu (p,—py)

B G.¢e,
ppS:

z : axial height above the distributor in the riser, m
Greek letters
d : Solids down flow film thickness, m

Py
Ps
Hg
€.

: Gas density, kg/m’
: Solids density, kg/m’
: Gas viscosity, kg/ms

: Voidage in the cluster

g, : Cross-sectional averaged voidage

£

N

—
—_
(=1

[

[1

—

[12]

(3

[t}

[14

=

[15]

: Cross-sectional averaged solids concentration

REFERENCES
Herb, B., Dou, S., Tuzla, K. & Chen, J.C. Solid mass fluxes in circulating
fluidized beds, Powder Technol., 1992;70, 197- 205
Zhou, B., Li, H., Xia, Y. & Ma, X. Cluster structure in a circulating
fluidized bed, Powder Technol., 1994 ; 78, 173- 178.
Bai, D., Shibuya, E., Masuda, Y., Nishio, K., Nakagawa, N. & Kato, K.
Distinction between upward and downward flows in circulating fluidized
beds, Powder Technol..,1995; 84, 75-81.
Lim K. S., J. Zhou, C. Finlay, J.R. Grace, C.J. Lim & C. M. H. Brereton
Cluster descending velocity at the wall of circulating fluidized bed risers,
in: M. Kwauk, J. Li (Eds.) Circulating Fluidized Bed Technology .,1995;
V2,218-223
Rhodes, M. J. Modelling the flow structure of upward flowing gas-solid
suspension. Powder Technol., 1990; 60 , 27- 38.
Azzi, M., Turlier, P., Large J.F. and Bernard, J.R. Use of momentum
probe and gammadensitometry to study local properties of fast fluidized
beds, in In: P. Basu, M. Horio & M. Hasatani (Eds.), Circulating
Fluidized Bed Technology III Oxford: Pergamon Press , 1991; pp.
189-194
Berruti, F. & Kalogerakis, N. Modeling of the internal flow structure of
circulating fluidized beds, Can. J. Chem. Eng., 1989; 67, 1010-1014.
Senior, R. C. & C. Brereton, Modelling of Circulating Fluidized Bed
Solids Flow and Distribution, Chem. Eng. Sci., 1992; 47 , 281-296
Harris, A.T. & Davidson, J.F. A core- annulus deposition model for
circulating fluidized beds, in: A. Avidan (Ed.), Circulating fluidized bed
technology IV, AIChE New York ,1994; pp 32- 39.
Bolton L.W. and Davidson J.F., Recirculation of particles in fast
fluidized risers, in Circulating Fluidized Bed Technology II, P. Basu and
J.F. Large Eds., Pergamon Press, Oxford, 1988; 307-314.
Rhodes, M.J., P. Laussmann, F. Villain and D. Geldart, Measurement of
radial and axial solid flux variations in the riser of a circulating fluidized
bed, in Circulating Fluidized Bed Technology II, P. Basu and J.F. Large
Eds., Pergamon Press, Oxford, 1988; 155-164.
Horio, M, Morishita, K., Tachibana, O., Murata, M. Solid distribution
and movement in circulating fluidized bed, in P. Basu, J.F. Large (Eds.,)
Circulating Fluidized Bed Technology II;  Pergamon: Oxford,
U.K.,1988; pp 147-154.
Bierl, T.W. & Gajdos, L.T., Phenomenological Modeling of Reaction
Experiments in Risers, Final report, DOEMC-14249-1149.
Environmental Research & Technology Inc. 1982
Miller, A. & Gidaspow, D. Dense, vertical gas-solid flow in a pipe,
AIChE. J. 1992; 38 (11),1801- 1815.
Zhang, W., F. Johnsson and B. Leckner, Characteristics of the lateral
particle distribution in circulating fluidized bed boilers, in Circulating
Fluidized Bed Technology IV, A.A.Avidan ed., AIChE, New York, 1994;
pp 1- 14

[16]
[17]
(18]
[19]
[20]

(21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]
[29]

[30]

[31]
[32]

[33]

[38]

[39]

[40]

[41]

Bi, H.T., Zhou, J., Qin, S. Z., & Grace, J.R. Annular wall layer thickness
in circulating fluidized bed risers. Can. J. Chem. Eng, 1996; 74, 811-814.
Patience, G.S. & Chaouki, J. Gas Phase hydrodynamics in the riser of a
circulating fluidized bed. Chem. Eng. Sci, 1993; 48, 3195- 3205.
Werther, J. Fluid mechanics of large scale CFB units. In M. Kwauk, & L.
Jinghai (Eds.), Circulating Fluidized Bed Technology , 1994; pp. 1-14.
Zhang, W., Johnsson, F., & Leckner, B. Fluid dynamic boundary layers
in CFB boilers. Chem. Eng. Sci., 1995; 50, 201-210.

Wei, F., Fangbin, L., Yong, J., & Zhiqing, Y. Mass flux profiles in a high
density circulating fluidized-bed. Powder Technol., 1997; 91,189-195.
Harris, A.T, Thrope R.B. and Davidson J.F. Characterization of the
annular film thickness in circulating fluidized bed risers, Chem. Eng.
Sci.,2002; 57, 2579-2587

Kim, S. W., G. Kirbas, H. Bi, C. J. Lim, J.R. Grace Flow structure and
thickness of annular downflow layer in a circulating fluidized bed riser,
Powder Technol. 2004 ;142, 48- 58.

Gadjos, L.J., & Bierl, T.W. Studies in support of recirculating bed
reactors for the processing of coal, Annual report to US Department of
Energy, FE-2449-8, Carnegie Mellon University, Pittsburgh, P.A., 1978
Bader, R., Findlay, J., & Knowlton T.M Gas/solid flow patterns in a
30.5-cm-diameter circulating fluidized-bed. In: P. Basu, & J. F. Large
(Eds.), Circulating Fluidized Bed Technology II, Oxford: Pergamon
Press .,1988; pp. 161-165

Hartge E.U., Resneer, D. & Werther, J. Solids Concentration and
velocity patterns in circulating fluidized beds, in: P. Basu, J.F. large
(Eds.). Circulating Fluidized Bed Technology, Vol. II, Pergamon Press,
Oxford, 1988; 165-171.

Rhodes M.J. & Laussman, P. Characterizing non uniformities in gas-
particle flow in the riser of a circulating fluidized bed, Powder
Technol.,1992; 72, 277- 284

Zhou, J. Circulating fluidized-bed hydrodynamics in a riser of square
cross-section. Ph.D. dissertation, University of British Columbia,
Vancouver, Canada, 1995.

Issangya, A.S. Hydrodynamics of high density circulating fluidized bed,
Ph.D. thesis, University of British Columbia, Vancouver, Canada .,1998.
van der Meer, E.H. Riser exits and scaling of circulating fluidized beds.
Ph.D. dissertation. University of Cambridge, United Kingdom, 1997.
Issangya, A.S., Bai, D., Bi, H.T., Lim, K.S., Zhu, J. and Grace, J.R.
Suspension densities in a high- density circulating fluidized bed riser,
Chem. Eng. Sci.,1999; 54, 5451- 5460.

Rhodes M. J., M. Sollaart, X. S. Wang Flow structure in a fast fluid bed,
Powder Technol.,1998; 99,194- 200.

Zhang, J., Jiang, P., & Fan, L.S. Flow characteristics of coal ash in a
circulating fluidized bed. Ind. Eng. Chem. Res., 1998; 37, 1499- 1509.
Karri, S.B.R and Knowlton, T.M. A comparison of annulus solids flow
direction and radial solids mass flux profiles at low and high mass fluxes
in ariser. In: J. Werther (Ed.,), Circulating Fluidized Bed Technology VI,
Frankfurt am Main: DECHEMA, 1999; pp 71-76.

Karri, S.B.R. and Knowlton, T.M., Flow direction and size segregation
of annulus solids in a riser, in; Fan L.S., Knowlton, T.M. (Eds.),
Fluidization IX, Engineering Foundation, New York, 1998; pp 189- 194
Liu, J. Particle and gas dynamics of high density circulating fluidized bed,
PhD thesis, University of British Columbia, Vancouver, Canada, 2001
Malcus, S., E. Cruz, C. Rowe, T.S. Pugsley Radial solid mass flux
profiles in a high- suspension density circulating fluidized bed, Powder
Technol.,2002;125.5- 9.

Karri S.B.R. & Knowlton, T.M. In: J.R Grace, J. Zhu, H. de Lasa (Eds.)
Circulating fluidized bed Technology VII, CSChE, Ottawa, Canada,2002;
pp 310- 316

Yan, A., Ball, J. & Zhu, J. Scale-up effect of riser reactors (3) axial and
radial solids flux distribution and flow development. Chem. Eng. Journal,
2005; 109, pp 97- 106.

Horio, M., H. Kuroki, Three-dimensional flow visualization of dilutely
dispersed solids in bubbling and circulating fluidized beds, Chem. Eng.
Sci.,1994; 49, 2413- 2421

Soong, C.H., Tuzla, K., & Chen J.C. Experimental determination of
cluster size and velocity in circulating fluidized beds, in J.F. Large, C.
Laguerie (Eds.), Proceedings of the 8th Engineering Foundation
Conference on Fluidization, Engineering Foundation, NY, 1995; pp.
219-227

Harris, A.T., Davidson, J.F. and Thrope, R.B. The prediction of particle
cluster properties in the near wall region of a vertical riser, Powder
Technol., 2002; 127, 128-143.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the financial support of



International Journal of Chemical Engineering and Applications, Vol. 2, No. 2, April 2011

the Technical Education Quality Improvement Program
(TEQIP) of Indian Government given to University College of
Technology, Osmania University, Hyderabad, India in doing
this work. They also acknowledge the University of New
Brunswick, Fredericton, New Brunswick, Canada for
providing a part of fund in preparation of this work.

Dr . V.Venkata Basava Rao obtained his Ph.D in
Chemical Engineering in 1994 from Indian Institute
of Technology (IIT), Kharagpur. He has published
and presented 58 papers in International and National
conferences and journals. Currently he is working as
Professor of Chemical Engineering, University
College of Technology (A) and the Head of the
Department, Chemical Engineering, the Chairman,
Board of Studies in Technology (A) and the Director,
Placements & Training Cell, University College of Technology (A), Osmania

90

University, Hyderabad, India. More than 25 students completed their M.Tech
thesis works and Five Candidates completed their Ph D under Dr. Rao’s
Supervision. He has been elected for Council and worked as Control of the
Examinations, Indian Institute of Chemical Engineers (IIChE), Kolkata from
2006 to 2009. Dr Rao has been honoured with Young Scientist Award by
Andhra Pradesh Council for Science and Technology (APCOST) in 1999 and
the Best Outstanding Chemical Engineer of the year below 45 years Award
of M/S Hindustan Levers Ltd., in 2009. His research papers have got the best
paper presentation awards in CHEMCON-2004, in Mumbai. Dr Rao has been
chaired for International Conference held on USA and Canada. His research
interest areas are Gas-Solid and Liquid- Solid Circulating Fluidized Bed
Technology; Advanced Separations and Reactive Separations; Waste Water
Treatments; Rheological Studies of Nano Fluids; and Alternative Energy and
Fuel Cell Technology.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.01)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


